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Abstract 
This paper is devoted to a detailed experimental investigation of scenarios of the laminar-turbulent transition occurred in 3D 
boundary layers developing on models of 25- and 35-degree swept wings in presence of various kinds of freestream turbulence 
and distributed surface roughnesses. The study is performed in a low-turbulence wind tunnel at both low turbulence level (LTL) 
and enhanced turbulence levels (ETL) of the incident flow. Several scenarios of the transition phenomenon are presented with 
detailed qualitative visualization of fields of mean and fluctuating components of velocity disturbances measured by means of 
hot-wire anemometry. The laminar-flow breakdown is found to start in all cases with “sudden” appearance of a kind of local 
high-frequency secondary instability of the primary flow. Meanwhile, properties and conditions of origin of these secondary 
instabilities depend significantly on the parameters of external perturbations and the base-flow velocity. 
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1. Introduction 
The scenarios of the 3D boundary-layer laminar-turbulent transition initiated by crossflow (CF) instability 
mechanism are under investigation during several past decades. A set of experimental results [1-6], theoretical works 
[7-10] and direct numerical simulations (DNS) [11-14], and others showed that the actual onset of the turbulent 
regime always starts from a strong local secondary instability, which is basically high-frequency one (the LHFS-
instability), and leads to rapid amplification of a rather broad spectrum of boundary-layer perturbations. However, 
almost all results related to the transition scenarios are obtained for the so-called low-turbulence-level (LTL) 
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conditions when the primarily CF-instability modes are steady, basically, and correspond to the so-called CF-
vortices. There are only several exceptions related to experiments described in [2] and [3], in which both steady and 
unsteady CF-modes were present simultaneously. Such regimes are associated with enhanced turbulence levels 
(ETL) of incident flows. The corresponding scenarios were also investigated numerically in temporal [11] and 
spatial [12, 14] DNS. It is important to note that the previous experimental studies were not systematic in a sense of 
examination and comparison of several different cases with various environmental disturbance conditions (LTL-, 
ETL- and mixed ones), while the DNS results considered some model cases when the transition scenarios was 
initiated by a small number of steady and traveling CF-modes of the frequency-spanwise-wavenumber spectrum.  
The present work is devoted to a systematic experimental study of transition scenarios initiated by various 
combinations of stationary and traveling CF-instability modes occurred at close base-flow conditions on 25-degre 
and 35-degree swept-wing models. 
2. Experimental setup 
The experiments were conducted in a low-turbulence subsonic wind-tunnel T-324 of the Khristianovich Institute 
of Theoretical and Applied Mechanics (Novosibirsk). The measurements were carried out by hot-wire anemometer 
on two experimental models of swept wings with sweep angles F = 25 and 35 degrees (Fig. 1). The two models 
represented swept plates, the chordwise pressure gradient on which was induced by contoured bump (mounted on 
the test-section ceiling), while the satisfaction of the sweep condition was provided by two adjustable sidewalls. The 
main transition measurements performed in the (x, z)-plane were made at y = const for every x around U/Ue = 0.7. 
Main coordinate systems used in the present experiments are the following. The (x, z)-coordinate system is 
connected with the free-stream direction (upstream the model) with the velocity vector Co parallel to the x-axis and 
has its origin at the intersection of the swept-plate leading edge and the vertical centre plane of the wind-tunnel test 
section. The xc-coordinate is similar to the x-coordinate but always has its origin at the swept-plate leading edge 
independently of the spanwise location. The (x', z')-coordinate system is connected with the chordwise direction with 
the x'-axis parallel to the model chord and the z'-axis parallel to the model leading edge. The (x*, z*)-coordinate 
system is local, such as the x*-axis is directed along the velocity vector Ce of the potential flow near the external 
edge of the boundary layer. The wall-normal coordinate is common for all systems. It is designated as y, directed 
away from the swept-plate surface and has its origin on the surface. 
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Fig. 1. Swept wing model with sweep angle F = 35°. Fig. 2. Streamwise distributions of chordwise (U′e) and spanwise (W′e) components 
of potential-flow velocity measured near boundary-layer edge (c = 35°). 
3. Base flow under study 
The spatial base flow structures around the two models were investigated in detail with single- and double-wire 
probes of hot-wire anemometers and with a wake-wire technique (for the 35-degree model). Streamwise 
distributions of the chordwise (U′e) and spanwise (W′e) components of the potential-flow velocity vectors are 
presented in Fig. 2 for the case of 25-degree experimental models. It is seen that the sweep condition W′e = const. is 
satisfied despite the experimental models have finite span and are mounted in a wind-tunnel test section. The shapes 
of the potential-flow streamlines are presented in Fig. 3 for the two experimental models used. Note that the 
spanwise-coordinate scale is magnified in these plots very much compared to that of the streamwise coordinate. 
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Fig. 3. Shapes of potential-flow streamlines measured near boundary-layer edge for 25-degree (left) and 35-degree (right) swept-wing models. 
The streamwise distributions of local Hartree parameters measured for the 25-degree and 35-degree models are 
presented in Fig. 4. The distributions are similar to each other and display approximately the same maximum values 
of EH (about 0.52 to 0.53). These Hartree parameters were used for calculations of the streamwise mean velocity 
profiles based on self-similar solutions of boundary-layer equations. For the case of the 35-degree model, the results 
of these calculations are shown in Fig. 5 together with the corresponding measured profiles. These three wall-normal 
streamwise-velocity profiles (Fig. 5) are measured at x′ = 164.0, 491.5, and 819.2 mm and calculated for the Hartree 
parameters EH = 0.270, 0.512, and 0.244, which correspond to the distribution shown in Fig. 4 (for the 35-degree 
model). A very good agreement is seen between the measured and calculated profiles. The same is true for the 
streamwise distributions of the boundary-layer displacement thickness. 
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Fig. 4. Chordwise distributions of Hartree parameters estimated based on experimental data for 25- and 35-degree swept-wing models. Vertical 
lines display locations of wall-normal profiles shown in Fig. 5 for 35-degree model. 
A set of wall-normal cross-flow profiles measured at five different chordwise positions is presented in Fig. 6a 
along with the corresponding velocity-vector yaw angles shown in Fig. 6b. The cross-flow intensity increases 
initially together with the yaw angles and then decays. 
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Fig. 5. Shapes of potential-flow streamlines measured near boundary-layer edge for 25-degree (left) and 35-degree (right) swept-wing models. 
Similar to the potential flows, the boundary-layer flows are shown to be also uniform in the spanwise direction 
near the centerline of the experimental models for the two sweep angles. It is important to note that the structure of 
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the laminar base flows under study, both inside and outside the boundary layer, remained the same in all 
experiments discussed below independently of presence or absence of the turbulence generating grids and/or surface 
roughness (distributed or localized one). This point was carefully checked experimentally and can be explained 
through relatively weak free-stream turbulence and not very large roughness heights in the studied cases. 
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Fig. 6. Streamwise evolution of wall-normal profiles of cross-flow velocity W* (a) and yaw angle J* (b) measured on 35° swept-wing model. 
4. Generation of controlled freestream turbulence 
To provide controlled variation of the free-stream turbulence level, four kinds of grids were designed, 
manufactured and tested. The made grids G1, G4, G5, and G9 satisfied to the following most important 
requirements. First, the grids generated in the free-stream the turbulence levels in a range from several hundreds of a 
percent to about 1%. Second, the grids had qualitatively the same (broadband) frequency spectra with significant 
spectral amplitudes in a frequency range of the most amplified CF-waves. Third, any grid produced the turbulence, 
which did not distort the base flow both outside and inside the boundary layer (prior to the transition beginning). 
Fourth, any grid did not lead to separations near the leading edge of the swept-wing models used. Fifth, none of 
grids used in the experiment produced any kind of bypass transition in presence of the used roughness types. 
The spectra of velocity fluctuations presented in Fig. 7left are measured for different grids on the 35-degree 
swept-wing model at xc = 158 mm, at the same speed of the wind-tunnel fan rotation n = 200 rpm. The spectra are 
obtained outside the boundary layer at y ≈ 30 mm and are averaged in the spanwise range z = 20 to 80 mm in order 
to increase the accuracy of their estimation. It is seen that all the grids produce rather broad spectra of perturbations, 
which have a significant energy in the frequency range between 10 and 3000 Hz. General shapes of all turbulent 
spectra produced by grids are similar. The spectrum measured without grids (designated as G0) has much lower 
intensity in the whole frequency range except for very low frequencies below 10 Hz. The physical nature of low-
frequency fluctuations is probably different from turbulent vortices. The transition measurements were performed in 
a range of freestream speeds between 8.3 and 23.7 m/s and turbulence levels H2 between 0.14 and 1.12% in the 
frequency range 2 Hz to 10 kHz. 
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Fig. 7. Frequency spectra (left) of turbulence produced by various grids in comparison with spectrum of background 
perturbations of the T-324 wind tunnel (G0) and topology of roughness type ‘Leopard’ (right). 
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5. Production of controlled surface perturbations 
The controlled surface roughness was located near the swept-wing model nose, in close proximity to the location 
of the first branch of the neutral stability curve (which varied with speed). The roughness was made of glue 
composed of the polyvinyl acetate (PVA) emulsion and water. The roughness types R5, R4, R3, R2, and R6 used in 
the experiments had rms amplitudes hrms equal to: 13, 18, 29, 29, and 54 microns, respectively. 
Two different types of the roughness topology were studied, which were named as the ‘Leopard’ (L) and the 
‘Curved Grid’ (CG). However, it was shown in the first tests that the topology does not influence the transition 
location. Therefore, the majority of subsequent measurements were carried out with the first type of roughness 
(‘Leopard’), which is illustrated in Fig. 7right. The roughness shapes were carefully measured by a laser 
profilometer. An example of results of a set of measured roughness shapes is presented in Fig. 8a while its average 
wavenumber spectrum is shown in Fig. 8b for three freestream speeds. 
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Fig. 8. Three shape profiles of roughness L2 (a) and average wavenumber spectra of this roughness determined for three freestream speeds Uer 
measured at roughness beginning location (b). 
In total, a rather broad range of dimensionless rms roughness heights was studied between hrms/G1rb = 0.2 to 10% 
(here G1rb is the boundary-layer displacement thickness at the roughness beginning). 
6. Scenarios of transition in LTL-cases 
The measurements have shown that in contrast to the two-dimensional boundary layers, the essentially nonlinear 
stages of the swept-wing-flow transition start typically with a very rapid appearance and growth of high-frequency 
perturbations induced by local high-frequency secondary (LHFS) instability of the flow produced by a superposition 
of the base flow and of primary cross-flow (CF) instability modes, both stationary and nonstationary ones. Several 
examples of some typical transition scenarios are illustrated below based on measurements on the 35-degree swept-
wing model in LTL-regimes (section 6), in ETL-regimes (section 7), and in some mixed cases (section 8).  
In the LTL-cases (with turbulence levels H2 between 0.12 and 0.28%), streamwise development of boundary-layer 
velocity disturbances is illustrated in Figs. 9 to 14. At very large roughness heights (as for roughness R6 with height 
of 54 microns), the stationary disturbances are predominant and traveling waves are observed only just prior to 
transition at low-frequency range only (Fig. 9). Meanwhile, when the roughness height is very small (case of 
“natural” roughness R0 with magnitude of 1.6 microns), the traveling CF-instability waves observed prior to 
transition have in addition a peak of large amplitudes in the range of moderate frequencies (around 100 Hz in this 
case) due to the mechanism of primary CF-instability (Fig. 10). 
   
Fig. 9. Streamwise evolution of velocity-disturbance time-traces (a) and frequency spectra (b) observed prior to appearance of LHFS-instability 
at largest roughness height (R6). LTL-regime. Co = 19.2 m/s. 
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Fig. 10. Streamwise evolution of velocity-disturbance time-traces (a) and frequency spectra (b) observed prior to appearance of LHFS-instability 
at smallest (“natural”) roughness height (R0). LTL-regime. Co = 19.2 m/s. 
 
Fig. 11. Velocity-disturbance time-traces (a, b) and spectrum (c) measured at appearance of LHFS-instability 
at very small roughness height (R5). LTL-regime. Co = 15.2 m/s. 
 
Fig. 12. Velocity-disturbance time-traces (a, b), and spectrum (c) measured at appearance of LHFS-instability 
at very large roughness height (R6). LTL-regime. Co = 15.2 m/s. 
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Fig. 13. Contours of amplitudes of steady (a), unsteady (b), and high-frequency secondary (c) disturbances for moderate roughness R2 (with rms 
magnitude of 29 microns) in LTL-case (no grids). Co = 11.1 m/s. 
 
 
 
 
 
 
The LHFS-instability produces a quasi-sinusoidal high-frequency modulation of primary waves independently of 
presence of either small (Figs. 11a,b) or large (Figs. 12a,b) roughness magnitudes with a very distinct hump (Figs. 
11c and 12c) in the frequency spectrum (at about 2 kHz in the present cases). These oscillations lead to formation of 
a tip of a turbulent wedge (like that shown in Fig. 13c). Large amplitudes of the stationary CF-instability modes in 
all LTL-cases are very well seen in Fig. 13a, while significant travelling waves appear only in the end of the region 
of transition development (Fig. 13b). 
Mean frequency of the LFHS disturbances, observed in LTL-cases, depends significantly on the freestream speed 
and increases with it in a linear way (Fig. 14), but has a rather weak dependence from the magnitude of the surface 
roughness. No intermittency is observed in all LTL-cases excluding vicinities of turbulent wedge borders, which 
“swing” very often in the spanwise direction producing intermittency. 
7. Scenarios of transition in ETL-cases 
In the enhanced-turbulence-level (ETL) cases described below for grid G1 (with H2 between 0.64 and 0.74%), the 
evolution of boundary-layer disturbances is illustrated in Figs. 15 to 20. Now the nonstationary disturbances are 
predominant in the flow, while stationary ones are relatively weaker, at least at not very large roughness magnitudes.  
 
 
 
Fig. 14. Dependence of central frequency of LHFS instability on incident flow velocity. LTL-regimes. 
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Fig. 15. Streamwise evolution of velocity-disturbance time-traces (a) and frequency spectra (b) observed prior to appearance of LHFS-instability 
at smallest (“natural”) roughness height (R0). ETL-regime. Co = 15.3 m/s. 
Streamwise evolution of disturbance time traces and frequency spectra prior to appearance of the LHFS-
instability is illustrated in Figs. 15 and 16 for the smallest and largest roughness heights studied, respectively (with 
rms magnitudes of 1.6 and 54 microns). It is found that in the ETL-cases the traveling waves, observed prior to 
transition and amplified by the mechanism of primary CF-instability, are qualitatively independent of the roughness 
height and have large amplitudes in a broad range of frequencies (Figs. 15b, 16b). The LHFS-instability produces in 
the ETL-cases some localized patches of high-frequency velocity fluctuations (Figs. 17a, 18a) without any distinct 
hump in the frequency spectrum but with rise of a broad band of high-frequency fluctuations (Figs. 17b, 18b). These 
flashes of secondary disturbances occur sporadically in time and in span. Distinct turbulent wedges are absent in 
these cases. However, the characteristic frequencies of the perturbations amplified by the LHFS-instability in the 
ETL-cases have similar values and similar frequency dependence as seen in Fig. 19 which displays amplification 
factors N100 of spectral components representing just ratios of pairs of spectra shown in Figs. 17b and 18b. 
 
Fig. 16. Streamwise evolution of velocity-disturbance time-traces (a) and frequency spectra (b) observed prior to appearance of LHFS-instability 
at largest roughness height (R6). ETL-regime. Co = 15.3 m/s. 
 
Fig. 17. Change in velocity time-traces (a) and in frequency spectra (b) due to appearance of high-frequency secondary instability in ETL-case at 
roughness R2. Co = 9.0 m/s. 
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Fig. 18. Change in velocity time-traces (a) and in frequency spectra (b) due to appearance of high-frequency secondary instability in ETL-case at 
“natural” roughness R0. Co = 18.4 m/s. 
The intensity of stationary CF-modes is basically low in the ETL-cases (Fig. 20a), while the nonstationary 
disturbances dominate in the flow (Fig. 20b). The shape of the transition line is quasi-uniform in the spanwise 
direction (Fig. 20b). The high-frequency perturbations (amplified by the secondary instability) appear also rather 
uniformly in span (Fig. 20c), in average. 
8. Scenarios of transition in mixed-cases 
The transition scenario illustrated in Figs. 21 is initiated by a mixture of stationary and traveling CF-instability 
modes excited by surface roughness R2 (with rms height of 29 microns) and a turbulence-generating grid G1. 
Turbulent wedges can be partly visible in this case. However, the intensities of both stationary (Fig. 21a) and 
traveling (Fig. 21b) CF-modes are significant and the shape of the transition line is not so spanwise uniform as in the 
ETL-case R0G1 presented in Fig. 20b. The high-frequency perturbations (amplified by the LHFS-instability) appear 
also not so uniformly in span (Fig. 21c). 
 
  
Fig. 19. Velocity dependence of spectral amplification factors occurred due to LHFS-instability for a distance 'xc = 100 mm for two extreme 
freestream speeds Co = 9.0 (a) and 18.4 (d) m/s. ETL-regimes. (Ratios of pairs of spectra shown in Figs. 17b and 18b) 
The most interesting mixed transition scenario is illustrated in Fig. 22. This scenario is also initiated by a mixture 
of stationary and traveling CF-instability modes (with nearly equally strong stationary and traveling components). 
However, the stationary modes are excited in this case not by surface roughness (which is practically absent) but by 
some very weak (almost immeasurable) stationary freestream vortices with intensity of Hs = 0.42% (in this regime) 
produced by the turbulence-generating grid G9 (with turbulence level of H2 = 0.22% in this regime). This grid has 
spanwise step of wires of O'z = 11.3 mm, which is very close to the spanwise scale of the most amplified CF-
vortices. The traveling CF-waves are produced by nonstationary freestream vortices generated by the same grid. 
Turbulent wedges are much expressed in this case. Although traveling waves have very significant amplitudes they 
are modulated very much in the spanwise direction. 
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Fig. 20. Contours of amplitudes of steady (a), unsteady (b), and high-frequency secondary (c) disturbances for smallest (“natural”) 
roughness R0 (with rms magnitude of 1.6 microns) in ETL-case (grid G1). Co = 9.0 m/s. 
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Fig. 21. Contours of amplitudes of steady (a), unsteady (b), and high-frequency secondary (c) disturbances in a mixed case with roughness R2 
(with rms magnitude of 29 microns) in ETL-case (grid G1). Co = 9.0 m/s. 
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The scenario illustrated in Fig. 22 represents, in fact, a “trap” for experimentalists, who use turbulence generating 
grids for variation of the freestream turbulence level but do not give consideration to extremely weak stationary 
spatial modulation of the freestream speed produced by these grids. In the case presented in Fig. 22 such modulation 
was below 0.5% of the freestream speed but produced dramatic affect on the transition scenario. 
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Fig. 22. Contours of amplitudes of steady (a), unsteady (b), and high-frequency secondary (c) disturbances for roughness R0 (“natural”) in ETL-
case (grid G9) with presence of very weak stationary freestream vortices. Co = 10.8 m/s. 
Conclusions 
The following most important results are obtained in the framework of the present study for the CF-dominated 
laminar-turbulent transition in swept-wing boundary layers. 
x Scenarios of boundary-layer transition are investigated in detail in a great range of variation of amplitudes and 
spectra of freestream disturbances and surface roughness. 
x It is found that in all studied cases the transition beginning starts with rapid growth of secondary fluctuations 
associated with local high-frequency secondary (LHFS) instability of primary base flow perturbed by either 
stationary CF-vortices, or traveling CF-waves, or mixture of stationary and traveling boundary-layer disturbances.  
x In LTL-cases the beginning of the LHFS-instability occurs at the very tip (apex) of every turbulent wedge 
forming in the boundary layer. No intermittency is found in the LTL-regimes excluding very narrow vicinities of 
edges of turbulent wedges (due to their weak spanwise oscillations). 
x In ETL-cases, characterizing by low surface-roughness magnitudes and spanwise uniform mean-velocity field 
past turbulent-generating grids, the LHFS-instability occurs sporadically in time and space leading to appearance 
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of strong intermittency. No turbulent wedges are observed and the transition-beginning line is rather uniform in 
spanwise direction. 
x In the cases of large magnitudes of both stationary and traveling CF-instability modes the transition scenarios 
represent a mixture of the two scenarios described above with presence, in particular, of both the turbulent 
wedges and intermittency simultaneously. 
x Stationary CF-modes can be initiated very efficiently by extremely small (almost immeasurable) spanwise 
modulation of incident mean-flow velocity produced by turbulence-generating grids in cases when their spanwise 
scales correspond to CF-vortices amplified by primary instability mechanism. 
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